A microcontroller (AT89C51) based electronics has been designed and developed for high precision calibrator based on Digiquartz pressure transducer (DQPT) for the measurement of high hydrostatic pressure up to 275 MPa. The input signal from DQPT is converted into a square wave form and multiplied through frequency multiplier circuit over 10 times to input frequency. This input frequency is multiplied by a factor of ten using phased lock loop. Octal buffer is used to store the calculated frequency, which in turn is fed to microcontroller AT89C51 interfaced with a liquid crystal display for the display of frequency as well as corresponding pressure in user friendly units. The electronics developed is interfaced with a computer using RS232 for automatic data acquisition, computation and storage. The data is acquired by programming in Visual Basic 6.0. This system is interfaced with the PC to make it a computer controlled system. The system is capable of measuring the frequency up to 4 MHz with a resolution of 0.01 Hz and the pressure up to 275 MPa with a resolution of 0.001 MPa within measurement uncertainty of 0.025%. The details on the hardware of the pressure measuring system, associated electronics, software and calibration are discussed in this paper.
INTRODUCTION
HE LIQUID COLUMN manometers (LCM) and piston gauge manometers (PGM) are often used as primary instruments for realizing the pressure scale in the fundamental units of mass, length, temperature and time through metrological characterization in an independent way without calibration [1] . These mechanical devices provide a direct response to a pressure change, for example, change in the length of the column of mercury or change in the area of piston cylinder assembly. For high pressure applications, PGM are used as reliable primary instruments up to few GPa [1] [2] . In other devices and techniques such as mechanical gauges and electronic transducers, the change in the mechanical stresses or change in the resistance of a coil are monitored as function of applied pressure and such instruments are categorized as transfer standard(s) (TS/TSs). Therefore, the use of pressure transducer (PT) with intelligent instrumentation as TS is the convenient way to address such difficulties. The use of PGM as TS is limited up to 500 MPa [3] [4] [5] [6] due to their bulky size, high costs, high operation demands and difficulties in transportation.
For the unstandardized values of TSs as a function of pressure change, a suitable correlation is established with primary standards through a calibration process. It is therefore obvious that the accuracy of TSs is limited by the accuracy of primary standard against which these are directly or indirectly calibrated for establishing their own metrological characteristics. The mechanical dial type pressure gauges have recently been used as TSs for the evaluation of participating laboratory's performance through interlaboratory comparison [7] [8] in the pressure range up to 70 MPa within the accuracy limit of +0.25% of full scale or coarser. The strain gauge type PTs have also been used very sparingly but for high pressure ranges up to 1.4 GPa [9] [10] . The capacitance type PT as TS has also been used and produces accurate and repeated results up to 500 MPa [11] . The limited sensitivity, poor linearity and long term stability, zero shifts with time and high hysteresis of the PTs limit their use as a highly precise TS or a pressure measuring device for scientific and industrial applications.
The most recent developments in the field of pressure instrumentation techniques utilize transducers and sensors, based on the principle of detecting pressure induced stress by means of changes in the oscillating frequency of crystalline Quartz resonators. Such PTs effectively address the abovementioned problems and are found to be more reliable with a promising future for accurate and precise pressure measurements [12] [13] . One of the features of such PTs is that they can be designed with extremely sharp resonance frequencies with the help of quality oscillator circuitry and hence, it is possible to detect very small changes in the resonant frequencies as a function of applied pressure. One of such PTs has successfully been used as TS in the recently concluded key comparison exercise [14] . Still a major difficulty for use of these devices is their high cost and complex electronics and controls. The authors have recently taken up the work on the research and development of an indigenous low cost, easy to use, precise and accurate intelligent digital pressure calibrator cum TS for the measurement of high hydrostatic pressure up to 280 MPa, both in the absolute and gauge pressure modes. The present paper reports the design and development of an indigenous low cost, easy to use, precise and accurate intelligent digital T 10.2478/v10048-011-0037-7 pressure calibrator cum transfer standard for the measurement of high hydrostatic pressure up to 280 MPa, both in the absolute and gauge pressure modes.
HARDWARE AND ELECTRONICS
The high precision pressure calibrator thus developed consists of a hydraulic screw pump of volume 5 cm 3 , an oil reservoir of capacity 150 cm 3 , two needle valves, a DPQT pressure sensor, power supply, and an output port for gauge under calibration. All the components are mounted on a rigid stainless steel base plate of 2.5 mm thickness. The whole assembly is then housed in a metallic box. A pictorial view of the calibrator is depicted in Fig.1 . The dotted double lines show the metallic pressure transmitting circuit while single lines represent the electronic wiring. In the present work, a commercially available DQPT, model 440K, made by Paroscientific INC, USA is used as sensing element. The associated electronics is designed and developed indigenously with suitable software. The DQPT is connected with a special digital interface board to produce an intelligent transmitter. The PT provides two continuous frequency output signals, one corresponding to the pressure and the other to the sensor's internal temperature. The electronic circuitry of the precision high pressure monitoring instrument has been developed around Atmel's AT89C51 microcontroller. The block diagram of the electronic circuitry is shown in Fig.2 .
In this circuit, first of all, the incoming signal is converted into the square wave form with the help of an operational amplifier. Then this signal is fed to the frequency multiplier. The output signal from the multiplier is ten times the input frequency. This signal is then fed to the 24-bit frequency counter through the AND gate. At the other pin of the AND gate, a timing pulse is fed. During this pulse the frequency counter counts the frequency and thereafter the microcontroller reads the frequency from the frequency counter and then after calculations it sends the results to the LCD as well as to the PC through the RS232C interface.
The details of the working principle for such a sensing element and its mechanism are available in the literature [12] [13] 16] . The nominal frequency of pressure resonator is 38 kHz, which changes 10% as the applied pressure reaches the full scale of 275 MPa, while the nominal frequency of the temperature resonator of 172 kHz changes about 50 x 10 -6 / 0 C. The temperature compensated pressure output is computed using the following equations derived from the basic physical principle of fixed vibrating beam [12] [13] . 
where C and D are calibration coefficients, T 0 is the output time period (reciprocal of frequency output) at zero pressure and T the output time period at applied pressure. If U(t) and U 0 are the output time periods in microseconds for temperatures at t and zero degree Celsius, respectively, then the temperature measured by the resonator in degree Celsius is computed using:
where
In order to calculate the values of C, D and T 0 , the value of U is used and these coefficients are computed using the following equations;
All 
SOFTWARE
The program for AT89C51 has been written in 8051 assembly language. The program first selects the pressure gauge frequency and takes the data from the frequency counter at regular intervals of 10 seconds by gating the signal for the defined period and stores the same in the RAM. Thereafter, it switches the multiplexer to temperature gauge data and again takes the frequency of temperature gauge. After taking the data in binary form, the program sends the data to the PC through RS232C interface. The computer program, which is written in Visual BASIC6.0 language to run on Windows XP platform, converts the raw data into pressure using (1)-(6) and the window project form thus created is shown in Fig.3(a) . The data is then sent back in ASCII format to the LCD for display. It also stores the data in the user defined file as well as displaying them on the PC screen. The calculated data related to temperature period, pressure period, temperature, barometric pressure and absolute pressure is stored in the user defined output file as shown in Fig.3(b) . The final data is used to generate calibration report of the pressure gauge under test. The resolution of the pressure displayed on the LCD is 0.001MPa.
CALIBRATION OF DQPT
The calibration and traceability of DQPT is performed by comparison method against NPL500MPA, a national hydraulic secondary pressure standard, using the similar calibration procedure as reported earlier [13, 17] . The calibration was performed at 12 equally spaced pressure points in increasing as well as decreasing order of pressures to accommodate the effect of hysteresis and thus making the total number of 24 observations in one pressure cycle. After reaching full-scale pressure in increasing order of pressure, 10 minutes were allowed to pass before repeating the observations in decreasing order of pressure. The pressure transmitting fluid used in the present work is di (2-ethylhexyl) sebacate oil, commercially known as BIS or DOS.
Sufficient time of at least 10-15 minutes was given between two successive observations to allow the system to reach the thermal equilibrium state. Three pressure cycles were employed so that the minimum number of observations at each pressure point was 6 and there were 72 observations in total as a whole. The measurement uncertainty is estimated as per methodology reported earlier [19] . The calibration factor (C f ) of the DQPT is computed using;
where STD p and DQPT p are the measured pressure by the standard and the DQPT, respectively. The calibration factor as a function of applied pressure is shown in Fig.4 along with full scale accuracy. The full scale accuracy is determined from the difference of p STD and p DQPT as follows:
( )
where p FSP is the full scale pressure (275 MPa in the present case) measured by the DQPT. The mean calibration factor or the best fit line can be used to compute the equivalent pressure as reported elsewhere [18] . The full scale accuracy is found to be well within +0.015% except initial pressure point of 25 MPa where accuracy varies up to +0.025% but still within the manufacturer specified accuracy of the sensing element of +0.025%. The maximum accuracy of calibrator of +0.025% at 25 MPa is obvious at less than 10% of the full scale pressure [16, 18] .
CONCLUSIONS
Suitable electronics has been designed and developed for the digitization of high DQPT that can measure pressure up to 275 MPa. The electronics developed is very compact, noise free, cost efficient and sagaciously designed. The intelligent electronics developed measures frequency up to 4 MHz with a fine resolution of 0.01 Hz. The frequency obtained is converted into pressure using equations derived from the basic physical principle of fixed vibrating beam. The calibration of DQPT is carried out against national secondary pressure standard. The calibration results obtained are well within the manufacturer specified accuracy. It is evident from the study that this PT can be used as a reliable transfer pressure standard for the accurate and precise hydrostatic pressure measurements and for the calibration of pressure measuring instruments having accuracy of +0.025% or coarser in the pressure range from atmospheric pressure to 275 MPa. Excellent linearity, repeatability and high resolution in the pressure values are obtained using the present precision electronics. The electronics developed is interfaced with a computer using RS232 for automatic data acquisition, computation and storage by programming in Visual Basic 6.0 which enables us to display both frequency and pressure simultaneously on a LCD. Although the requirement for the measurement of frequency for this particular transducer was in the range of 30 -40 kHz for pressure and up to 170 kHz for temperature, the intelligent electronics developed has now made it possible to measure the frequency up to 4 MHz, which implies that the electronics can be used with pressure transducers of both higher and lower ranges. The frequency counter has a very fine resolution of 0.01 Hz. The electronics developed along with the associated software has made the complete system user friendly. The automated system will be of great help in reducing the time required for calibration and also the physical work.
For the pressure generation, generally, manual screw type mechanical hydraulic pump is used. This is very tedious, time consuming, cumbersome and involves heavy physical work. It is possible to drive a mechanical screw type piston pump mechanism through a stepping servomotor with the help of suitable mechanical arrangements, electronic circuitry, controls and appropriate software. All the mechanical, electronics and control systems can be embedded into a single unit which can be used as digital pressure calibrator for the calibration of pressure measuring instruments in the pressure range up to 275 MPa, both in absolute and gauge mode. The calibrator can also be used as transfer standards for the intercomparison and proficiency testing exercises.
